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The KLP-6 Kinesin Is Required for Male
Mating Behaviors and Polycystin Localization
in Caenorhabditis elegans
taining ciliary function is clearly essential for the well-
being of an organism.
The only ciliated cells in the nematodeCaenorhabditis
elegans are chemosensory and mechanosensory neu-
rons [7]. Sensory neurons located in the head and tail
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Madison, Wisconsin 53705 sense an extensive variety of environmental signals and
mediate a wide spectrum of behaviors. For example,
animalsmust locate food, andmalesmust findhermaph-
rodite mates. Of the 302 neurons in the hermaphrodite,Summary
60 have dendritic endings that terminate in cilia [7]. The
male possesses an additional 52 ciliated neurons ofBackground: Male mating behavior of the nematode
381 total neurons [8]. Interestingly, many of the genesCaenorhabditis elegans offers an intriguing model to
required for the formation, maintenance, and functionstudy the genetics of sensory behavior, cilia function,
of C. elegans cilia have human counterparts that, whenand autosomal dominant polycystic kidney disease
mutated, cause diseases with renal pathologies, includ-(ADPKD). The C. elegans polycystins LOV-1 and PKD-2
ing autosomal dominant polycystic kidney diseaseact in male-specific sensory cilia required for response
(ADPKD) [9].and vulva-location mating behaviors.
Malemating behavior ofC. elegansoffers an intriguingResults: Here, we identify and characterize a new mat-
model to study the genetics of sensory behavior, ciliaing mutant, sy511. sy511 behavioral phenotypes were
function, and ADPKD [9–12]. The C. elegans male mustmapped to a mutation in the klp-6 locus, a gene encod-
execute a complex series of stereotyped subbehaviorsing a member of the kinesin-3 family (previously known
in order to mate with the hermaphrodite [13]. The maleas the UNC-104/Kif1A family). KLP-6 has a single homo-
responds to hermaphrodite contact by putting his taillog of unknown function in vertebrate genomes, includ-
flush on her body; he begins backing until encounteringing fish, chicken, mouse, rat, and human. We show that
her head or tail, where he turns via a sharp ventral coil.KLP-6 expresses exclusively in sensory neurons with
He continues backing until reaching the vulva whereexposed ciliated endings and colocalizes with the poly-
he stops, inserts his spicules, and ejaculates into thecystins in cilia of male-specific neurons. Cilia of klp-6
hermaphrodite uterus.mutants appear normal, suggesting a defect in sensory
Sexual dimorphism of behavior is reflected in anat-neuron function but not development. KLP-6 structure-
omy: Many of the 87 male-specific neurons mediatefunction analysis reveals that the putative cargo binding
male sensory behaviors [13]. Animals with severe de-domain directs the motor to cilia. Consistent with a mo-
fects in all sensory neuronal cilia, such as the mutanttor-cargo association between KLP-6 and the polycys-
osm-5, exhibit pleiotropic and severe sensory anoma-tins, klp-6 is required for PKD-2 localization and function
lies, including defects in the male mating subbehaviorswithin cilia. Genetically, we find klp-6 regulates behavior
of response, vulva location, and ejaculation [10, 12].through polycystin-dependent and -independent path-
In contrast, lov-1 and pkd-2 mutants are specificallyways.
response and location of vulva (Lov) defective. lov-1Conclusion: Multiple ciliary transport pathways depen-
encodes the C. elegans homolog of the human polycys-dent on kinesin-II, OSM-3, and KLP-6 may act sequen-
tic kidney disease gene PKD1 [10]. Mutations in PKD1tially to build cilia and localize sensory ciliary membrane
or PKD2 account for 95% of ADPKD, a human geneticproteins such as the polycystins.Wepropose that KLP-6
disorder affecting 1 in 1000 individuals. PKD-2 is theand the polycystins function as an evolutionarily con-
C. elegans homolog of the human polycystin-2 (PC-2)served ciliary unit. KLP-6 promises new routes to under-
channel (encoded by the PKD2 gene) [10, 11]. lov-1 andstanding cilia function, behavior, and ADPKD.
pkd-2 act in the same genetic pathway [11]. Polycystin-1
(PC-1, encoded by PKD1) and PC-2 are proposed to
Introduction forma receptor/channel complex [14]. PC-2 is amember
of the TRP (transient receptor potential) ion channel
Cilia are specialized organelles that function in sensa- family [15]. TRP channels have been implicated in awide
tion or motility [1]. Primary kidney cilia project from the range of sensory modalities.
apical surfaces of epithelial cells of the kidney nephron Consistent with a role in male sensation, lov-1 and
and act as flow mechanosensors [2–4]. Nodal cilia are pkd-2 are expressed in the 21 male-specific exposed
located on the embryonic node, exhibit a unique rota- ciliated sensory neurons that mediate response (rays),
tion, and are necessary to establish left-right (L-R) asym- vulva location (hook), and possibly chemotaxis to her-
metry in vertebrates [5]. Cystic kidney diseases, primary maphrodites (the head CEMs). LOV-1 and PKD-2 pro-
cilia dyskinesia, retinitis pigmentosa, and situs inversus teins are enriched in sensory cilia, and ciliary localization
(reversal of L-R organ asymmetry) are human diseases is a requisite for function [10, 11]. Surprisingly, sensory
resulting from ciliary defects [6]. Establishing and main- function and ciliary localization of the polycystins ap-
pear to beevolutionarily conserved becausemammalian
PC-2 localizes to renal cilia [16, 17] and forms a mecha-*Correspondence: mmbarr@pharmacy.wisc.edu
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Figure 1. sy511, lov-1, and pkd-2 Interact
Genetically to Regulate Behavior
sy511 males are Rsp and Lov defective but
are less severely compromised when com-
pared to the polycystin lov-1 and pkd-2 single
and double mutants. The severity of sy511
defects is unaffected when paired with one
or both polycystinmutant alleles. Conversely,
polycystin mutant defects are partially sup-
pressed by the sy511 mutation. In addition,
lov-1;pkd-2 double mutants are slightly less
defective than the single mutants, but this
difference disappears in the sy511 back-
ground. For response efficiency (RE) assays,
each strain underwent more than 50 trials,
with five males/trial. RE score denotes the
number of males responding in 3 min/total
males. For vulva-location efficiency (LE), we
observed more than 55 males from each mu-
tant strain (except pkd-2, for which n  33).
An individual male’s LE was calculated as the
ratio 1/number of trials to success. Both RE
and LE indicate the average behavior of a
genetic population. Error bars denote the standard error of the mean. Mann-Whitney tests determined p values. * indicates p value  0.001
for RE when compared to wild-type, lov-1, pkd-2, and lov-1;pkd-2 animals. ∧ indicates p value  0.05 for RE when compared to lov-1 and
pkd-2 single mutants.
nosensitive channel with PC-1 in primary cilium of cul- We rigorously quantified response and vulva-location
behaviors of single-, double-, and triple-mutant strainstured kidney cells [18]. Owing to the complexity of gene
of sy511 and deletion alleles lov-1(sy582) and pkd-expression, ciliary protein trafficking, and sensory trans-
2(sy606). All mutant combinations are Rsp and Lovduction mechanisms, this orthologous relationship in
defective (Figure 1), but severities of defects are depen-cilia suggests that additional components may have
dent on genotype. First, lov-1 and pkd-2 single mutantscoevolved with the polycystins for cilia-based sensory
exhibit equivalent response and vulva-location efficien-function. Here, with the powerfulmolecular genetic tools
cies (RE and LE, respectively), but lov-1;pkd-2 doubleof C. elegans, we report that klp-6, a previously unchar-
mutants show a small but significant increase in REacterized motor protein of the kinesin-3 (previously
(double  0.33 versus 0.27 and 0.28 for singles, p known as UNC-104/KIF1) family [19–21], is an essential
0.05). LE follows the same trend. sy511 males, on themediator of polycystin localization and function in cilia.
other hand, exhibit significantly better RE and LE scores
whencompared to the lov-1andpkd-2 single anddoubleResults
mutants (p 0.001; Figure 1). When the sy511mutation
is paired with lov-1 and/or pkd-2, all double- and triple-The sy511 Mutant Has Specific
mutant strains exhibit RE and LE equal to the sy511Male Sensory Defects
single mutant.We have selected the male mating behavior of Caeno-
These results indicate that sy511 is epistatic to therhabditis elegans as a model to investigate the genetic
polycystins in two distinct, cell-autonomous pathwaysand evolutionary bases of innate sensory behaviors.
mediating response and vulva location. That mutationsMating is a complex, species-specific trait that generally
in the putative sensory receptors lov-1 and pkd-2 docomprises courtship displays, mate selection, and cop-
not exacerbate sy511malemating defects indicates that
ulation routines [22]. In C. elegans, sexual mating re-
the three genes act in a common pathway. Unexpect-
quires the following stereotypical behavioral substeps edly, sy511 partially restores the response and vulva-
by the male: response to a potential mate, backing, location abilities to the lov-1 and pkd-2 null mutants,
turning, vulva location, spicule insertion, and ejaculation which presumably lack this sensory pathway com-
[13]. A forward genetic screen for mutants with Lov pletely. Thus, it appears that a redundant or parallel
defects yielded the sy511 mutant, herein described. sensory pathway also controls these behaviors and this
sy511 mutant males are specifically Rsp (response) alternate pathway is actively upregulated, or sensitized,
and Lov defective (Figure 1). The ray and hook structures by the sy511 mutation. Activity of the alternate sensory
and neurons that mediate response and vulva location pathway is hypothesized to account for the residual
behaviors appear normal in sy511 males (data not 27%–33% response and vulva-location successes of
shown), indicating that the behavioral defects are not the polycystin mutants. We propose that the sy511mu-
due to gross anatomical or developmental problems. tation significantly increases RE to 44% by inhibiting
Mutations in lov-1 and pkd-2, the C. elegans homologs the function of a negative regulator. These data are con-
of the human ADPKD genes PKD1 and PKD2, respec- sistent with the gene mutated in sy511’s functioning in
tively, also result in Rsp and Lov defects. The similar both polycystin-dependent and polycystin-independent
behavioral phenotypes of sy511 and the polycystin mu- sensory behavioral pathways. Our further characteriza-
tants led us to investigate their genetic and cellular inter- tion of the sy511-mutated gene lends support and pro-
vides insight into these hypotheses.actions.
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Figure 2. PKD-2 Is Mislocalized in sy511 Mutants
Anatomy of CEM (A), HOB, and RnB neurons (D) expressing PKD-2::GFP. For (A) and (D), cilia, dendrites, cell bodies, and axons are labeled.
(A) In the C. elegans adult-male head, CEMD (dorsal) and CEMV (ventral) are arranged as left-right pairs. The long CEM dendrites terminate
in exposed sensory cilia at the tip of the male nose.
(D) In the C. elegans adult-male tail, ray neurons are arranged as left-right bilateral pairs (ventral-up view shown here). The male tail has left-
right nine pairs of rays (numbered 1–9, anterior to posterior), each possessing two sensory neurons, A-type and B-type. PKD-2::GFP is
expressed in R1B through R9B (not R6B) [55] and the HOB neuron. The B-type neurons send long dendrites that terminate in exposed sensory
cilia in rays (R1B through R9B except R6B) and the hook structure (HOB) [8]. HOB is an asymmetric ciliated hook neuron required for vulva-
location behavior [13]. For simplicity, the neuronal architecture of only R3B left and HOB is drawn.
Integrated PKD-2::GFP localization patterns in wild-type (B and E) and sy511 (C and F) backgrounds are shown. (B) PKD-2::GFP localizes to
cell bodies and cilia (closed arrows) in wild-type male CEM head neurons and (E) RnB (but not R6) and HOB tail neurons. (C) PKD-2::GFP in
sy511 mutants forms abnormally large and bright puncta in head CEM cilia (closed arrowheads). (F) PKD-2::GFP is extensively mislocalized
along dendrites of RnB (1–9, not 6) and HOB neurons (closed arrowheads) and is decreased in ray cilia (open arrowheads). The scale bars
represent 5 m.
The sy511 Mutation Disrupts Ciliary M.M.B., unpublished data). Thus, the sy511 mutation
interferes with proper PKD-2 localization in all polycys-Localization of PKD-2
We examined PKD-2 localization in the sy511 mutant tin-containing cilia. Overexpression of the PKD-2::GFP
transgene does not rescue sy511 behavioral defects.background. PKD-2 is a member of the TRP ion channel
superfamily and localizes to male-specific sensory cilia, Interestingly, the PKD-2::GFP mislocalization pheno-
type of sy511 closely resembles that of intraflagellarwhere it is required for response and vulva location
(Figures 2A, 2B, 2D, and 2E) [11]. As another approach transport (IFT) mutants including osm-5 (complex B),
daf-10 (complex A), che-3 (cytoplasmic dynein), andto study the relationship between sy511 and the poly-
cystins, we compared in vivo expression and localiza- osm-3 (dimeric kinesin-2) (Y.-K. Bae andM.M.B., unpub-
lished data). However, unlike these mutants, CEM axo-tion of an integrated PKD-2::GFP transgene in wild-type
and sy511 genetic backgrounds. PKD-2::GFP rescues nemes are wild-type in length in the sy511mutant (data
not shown). IFT is an evolutionarily conserved, microtu-pkd-2 mutant phenotypes, implying that its subcellular
localization is biologically relevant (K.M. Knobel and bule-based motility required for the development and
maintenance of all cilia and flagella [1]. The IFT machin-M.M.B., unpublisheddata). In thewild-type, PKD-2::GFP
localizes throughout neuronal cell bodies and in small, ery comprises kinesin-2 and OSM-3, heterotrimeric and
homodimeric members of the kinesin-2 family [21], re-discrete puncta in cilia of male-specific CEM, RnB, and
HOB neurons (Figures 2B and 2E). In sy511, PKD-2 is spectively, and retrograde cytoplasmic dynein motors
that move IFT particles and cargo to and from the distalmislocalized in ray dendrites and abnormally accumu-
lated in the presumptive transition zones of CEM and tip of cilia. The IFT particle is composed of two com-
plexes (A or B) containing 16–18 polypeptides. Kinesin-2HOB cilia (Figures 2C and 2F). In wild-type rays, PKD-
2::GFP normally localizes to ciliated endings on den- and complex B polypeptides appear to regulate antero-
grade transport; dynein and complex A polypeptidesdrites of RnB neurons (Figures 2D and 2E). In sy511 ray
neurons, we observe numerous, very large and bright may regulate retrograde transport. C. elegans IFT muta-
tions cause ciliogenesis defects that result in absent,PKD-2::GFP puncta along the dendrites and cilia, and
we see both increases and decreases in intensity of stunted, or irregular cilia morphologies and impaired
cilia function. PKD-2::GFP mislocalization in ray den-ciliary localization (Figure 2F). In the head of a wild-
type male, PKD-2::GFP normally localizes to the ciliary drites of IFT mutants, therefore, is mainly attributed to
defective cilia formation and structure, although it istransition zone and small, finger-like ciliary projections
emanating from the transition zone of the four CEM yet unknown if IFT is directly required for transporting
PKD-2 or other sensory receptors in intact cilia.neurons (Figures 2A and 2B). In the sy511 mutant, the
CEM ciliary zone of PKD-2::GFP localization is abnor- In contrast to the IFT mutants, sy511 animals appear
to display normal cilia morphologies. The overall struc-mally enlarged (Figure 2C). PKD-2::GFP motility rates
in dendrites of ray and CEM neurons are unaffected, ture, including the axons, cell bodies, dendrites, and
cilia as revealed by pkd-2::gfp, of the CEM, RnB, andsuggesting that PKD-2 dendritic transport is intact in
the sy511 mutant (H. Qin, E.M.P, J. Rosenbaum, and HOB neurons was normal in the sy511 mutant (data
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Figure 3. sy511 Is a Mutation in the klp-6
Kinesin Gene
(A) Linkage III map showing major loci used
in recombination mapping and transgenic
rescue. Cosmid R144 completely rescues
sy511 Rsp and Lov defects, as do multiple
klp-6 transgenes (left-most box). Numbers in
parentheses indicate the number of rescued
lines per total lines observed. klp-6(sy511)
contains a nonsensemutation in exon 10 (C-T
transition  Q706stop). The sy511 mutation
results in a polymorphism that disrupts an
HpyCH4V enzyme restriction site.
(B) klp-6 encodes a kinesin-like protein. The
N-terminal motor domain shows 53% identity
with vertebrate KLP-6 proteins. Position of
the sy511 mutation is shown. The predicted
klp-6(sy511) mutant protein contains motor,
coiled-coil, and FHA domains but lacks 223
amino acids from its C terminus. A single
KLP-6 homolog is found in Caenorhabditis
briggsae (CAE75111), Tetraodon nigroviridis
(CAG11034), Gallus gallus (XP_426135), Mus
musculus (XP_357140), Rattus norvegicus
(XP_237910), and Homo sapiens (XP_497745).
not shown). pkd-2::gfp is a transcription fusion gene To show that klp-6 is the mutated locus, we carried
out germline transformation of sy511 with a 7 kb, PCR-between the pkd-2 promoter and GFP, resulting in uni-
form GFP distribution throughout male-specific sensory generated wild-type klp-6 mini-gene-amplicon that in-
cluded a 1.3 kb promoter and 150 bp 3-UTR (Figureneurons. GFP-tagged IFT polypeptides including OSM-6,
CHE-2, and CHE-11 clearly localize to apparently nor- 3A). The wild-type klp-6 fragment completely rescued
the sy511 Rsp and Lov defects in six of six transgenicmal-looking cilia in sy511 mutants (data not shown).
Although we cannot rule out a more subtle ultrastruc- lines (Figure 3A). We were also able to rescue the sy511
defects with KLP-6::GFP transgenes containing GFPtural defect in the sy511mutant, a cilium is clearly pres-
ent. Thus, sy511 appears to disrupt the function, but fused to the C terminus of both a klp-6 genomic (gKLP-
6::GFP, seven of seven lines) or cDNA (cKLP-6::GFP,not development, of male-specific sensory cilia via a
pathway that is distinct from the IFT machinery. Alterna- three of three lines) fragment, both with the same 1.3
kb 5 upstream promoter. The klp-6 promoter does nottively, the gene mutated in the sy511 allele may act
redundantly with IFT components, as recently demon- contain a DAF-19-regulated X-box. The RFX-transcrip-
tion DAF-19 factor is required for the formation of allstrated by Scholey and colleagues for heterotrimeric
kinesin-2 and OSM-3, a dimeric kinesin-2 [23]. C. elegans cilia and regulates the activity of targets in-
cluding IFT complex B genes by binding to an X-box
promoter motif [24]. Interestingly, X-boxes have notThe KLP-6 Kinesin Rescues sy511 Mutant Defects
The sy511mutationwasmapped to a nine cosmid,400 been identified in the promoters of genes of complex
A (daf-10 and che-11), homomeric kinesin-2 (osm-3),Mb region on linkage group III between cosmid F26A1
and dpy-17 (F54D8) via recombination crosses with visi- heterotrimeric kinesin-2 (klp-11, klp-20, and kap-1), and
the polycystins (lov-1 and pkd-2), suggesting that multi-ble and physical markers (Figure 3A). Germline transfor-
mation with a single cosmid from this interval, R144, ple levels of transcriptional regulation are required for
cilium development, maintenance, and function (J.completely rescued sy511 Rsp and Lov defects (Figure
3A). R144 contains 11 predicted open reading frames Wang and M.M.B., unpublished data).
klp-6 encodes a kinesin-like protein of 928 amino(ORFs), and ORF R144.1 encodes the predicted kinesin-
like protein KLP-6 (Figure 3A). Because many kinesin acids that belongs to the kinesin-3 (previously known
as UNC-104/ Kif1A) family of kinesin molecular motorsmembers have well-documented roles in neuronal de-
velopment and function,wehypothesized that amolecu- [19–21]. Members of this subfamily are composed of
an N-terminal, motor-head region containing ATP andlar lesion in the klp-6 gene could lead to neuronal and
behavioral dysfunction in males. microtubule binding domains, and then a coiled-coil and
Current Biology
398
fork-head-associated (FHA) domain that may facilitate has site-specific activity in axonal transport of synaptic
vesicles [30, 33–35]. AlthoughKLP-6::GFP appears to bemultimerization [25] and a C-terminal tail of variable
length and domain composition (Figure 3B). The C-ter- distributed throughout all neuronal subcellular regions,
cilia are discretely labeled along their entire lengths, upminal tail of kinesin enables many regulatory properties
relating to cargo recognition, motor activity, and subcel- to the very tip (Figures 4C and 4F; Figures 5A–5C). This
localization corresponds to the microtubule-based cili-lular trafficking [26–29]. For example, in their tails, the
UNC-104 and Kif1A motor proteins contain a pleckstrin- ary axoneme. Cilia are exclusive subcellular compart-
ments in which protein entry, transport, and functionhomology (PH) domain necessary for regulating antero-
grade trafficking of synaptic vesicles along axonal mi- are highly regulated [1]. Ciliary localization supports our
hypothesis of a functional association between KLP-6,crotubules [30]. Single homologs of KLP-6 are found in
multiple vertebrate genomes, and alignments of C. ele- LOV-1, and PKD-2.
gans, Mus musculus, and Rattus norvegicus KLP-6 re-
vealed 34% identity and 52% similarity overall, a highly
KLP-6 Protein Is Targeted via Its Carboxyconservedmotor domain (53% identity), andmiddle and
Terminus to Ciliatail domains conserved to a lesser extent. Unlike other
Kinesin-3-type kinesins may be regulated and targetedkinesin-3 family members, C. elegans KLP-6 and its
to discrete subcellular destinations via their C-terminalmammalian counterparts lack a PH domain in their C
tail domains [36]. To explore KLP-6 structure/function/termini, hinting at a divergent mechanism of cargo bind-
localization, we constructed GFP fusions of the KLP-6ing and/or transport mechanisms.
MOTOR (1–384 amino acids) and C-TERMinal (392–928We identified the sy511 molecular lesion within klp-6
amino acids) domains and examined transgenic expres-as a nonsense mutation in exon 10, a C-T transition that
sion and effects on mating behavior. We find the bulkintroduces a premature ochre stopcodon (TAA) at amino
ofMOTOR::GFP is retainedwithin cell bodies and axonalacid 706 (Q706stop) (Figure 3A). If the KLP-6 (Q706stop)
segments, where it appears to localize to filamentousprotein is produced in the sy511 mutant, the truncated
structures that often appear as cages within the neuronKLP-6 is predicted to be deficient in cargo binding but
(Figure 5H). Dendritic and ciliary localization of MO-may retain microtubule binding ability (Figure 3B). On
TOR::GFP is greatly reduced or absent (Figures 5G–5I).the basis of our genetic and localization data, we hy-
This distribution pattern is consistent with the predictedpothesize that the polycystins represent KLP-6 cargo,
plus-endmicrotubule binding property of the KLP-6mo-which form inactive, mislocalized complexes in the klp-
tor devoid of cis-regulatory influences (e.g., the coiled-6(sy511) mutant.
coil and FHA domains are excluded from MOTOR::GFP;
Figure 3B). Neuronal dendrites are proposed to contain
mixed-polarity microtubule filaments [37], which mayklp-6 Is Coexpressed with the Polycystins
in Male-Specific Neurons account for the weak dendritic staining and poor access
to cilia. MOTOR::GFP occasionally produces abnormalNext, we examined endogenous klp-6 expression pat-
tern. With the 1.3 kb promoter to drive expression of a axonal and dendritic morphologies and mating behavior
defects in wild-type males (data not shown), possiblygenomic klp-6 clone fused to GFP (gKLP-6::GFP), we
find that klp-6 is coexpressed with lov-1 and pkd-2 in owing to unregulated microtubule and ATP binding ac-
tivities. MOTOR::GFP does not rescue klp-6(sy511) be-the male-specific sensory neurons of the rays (RnBs,
n 1–9 but not 6), hook (HOB), and head (CEMs) (Figure havioral defects (data not shown), indicating that the
coiled-coil, FHA, and cargo binding domains of KLP-64). klp-6 is also expressed in the IL2 head sensory neu-
rons of males and hermaphrodites (Figures 4B and 4C). are essential for function.
In contrast, the motorless C-TERM::GFP is preferen-Although it does not express lov-1 and pkd-2, the IL2
ciliary ultrastructure is similar to that of the CEMs, RnBs, tially and selectively targeted to cilia (Figures 5D–5F).
C-TERM::GFP produces expression in the nucleus,and HOB: The cilium is exposed to the environment and
positioned next to an embedded cilium (the IL1s, CEPs, punctate expression in the cell body, and intense ex-
pression in cilia. The significance of the C-TERM::GFPRnAs, and HOA, respectively) [8, 31, 32]. The IL2 ciliary
transition zone does not have a typical 9 0microtubule nuclear distribution is not known. Whereas KLP-6::GFP
labels axons and dendrites with equal affinity, C-TERM::doublet arrangement, but is rather disorganized [32].
The function of the IL2 neurons is unknown. GFP is barely detectable in axons and only occasionally
appears as dendritic puncta. C-TERM::GFP is also se-To determine the subcellular localization of KLP-6,
we examined the distribution of functional KLP-6::GFP lectively localized to cilia in klp-6(sy511)males, confirm-
ing wild-type cilia morphology and an intact dendriticfusions. Genomic and cDNA fusions (gKLP-6::GFP and
cKLP-6::GFP, respectively) are expressed in an identical transport pathway. C-TERM::GFP does not rescue or
exacerbate klp-6(sy511) mating behavior defects.cell-specific pattern, rescue the Rsp and Lov defects of
sy511 males (seven of seven lines and three of three In behavioral assays, C-TERM::GFP produces strong
dominant-negative effects in wild-type animals (RE andlines, respectively; Figure 3A), and give equivalent local-
ization patterns (Figures 4B and 4E; Figures 5A–5C). LE  0.75 in three of three lines). Interestingly, GFP
fusions of the related kinesin-3 motor UNC-104 haveKLP-6::GFP is observed throughout the neuron in the
cell body, axon, dendrite, and cilium, and it is excluded dominant-negative effects onC. elegans locomotory be-
havior [34]. Dominant-negative effects of kinesin tail do-from the nucleus (Figures 4B and 4E; Figures 5A–5C).
The C. elegans UNC-104 kinesin-3 displays no expres- mains have been attributed to a direct binding interac-
tion that prevents motor processivity and activity [27].sion differences between axons and dendrites, yet it
KLP-6 Functions in Sensation and PKD-2 Localization
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Figure 4. KLP-6::GFP Is Expressed in IL2, CEMs, Ray RnBs (Where n  Rays 1–9 but Not Ray 6), and HOB Neurons
Confocal, fluorescent images of a sy511 mutant male rescued by an extrachromosomal array containing KLP-6::GFP and Ppkd-2::DsRed2l;
(A)–(C) show the head, and (D)–(F) show the tail. Ppkd-2::DsRed2 is a male-specific neuronal promoter construct that is used to detect
fluorescent reporter expression, is not a PKD-2 protein fusion, and does not enter cilia (A and D). Cilia, dendrites, cell bodies, and axons are
indicated by thin arrows, open arrowheads, lines, and closed arrowheads, respectively.
(A and D) Ppkd-2::DsRed2 expresses in male CEM (A) and tail RnB (not 6) and HOB neurons (D). Note that transcriptional Ppkd-2::DsRed2
fusion does not localize to cilia (open arrows).
(B and E) Genomic KLP-6::GFP (gKLP-6::GFP) is expressed in head IL2 neurons (B) as well as in male-specific head CEM (B) and tail RnB
(not 6) and HOB neurons (E). gKLP-6::GFP is also expressed throughout development in the IL2 neurons of both hermaphrodites (not shown)
and males.
(C and F) Merged image of gKLP-6::GFP and Ppkd-2::DsRed2 with regions of overlap in yellow. gKLP-6::GFP is distributed throughout the
neuron (but excluded from the nucleus), including the cilium (arrow). Ppkd-2::DsRed2 expression in IL2 neurons in (A) is an artifact owing to
bleed-through of GFP in the Red channel. The scale bars represent 5 m.
In vivo, cargo-less kinesins are proposed to be autoin- function, as our data suggest, we predict that heterol-
hibited. Upon cargo binding, the motor-cargo complex ogous expression of the C terminus would result in sig-
may move directionally in a microtubule-dependent nificant mislocalization of PKD-2. To test this, we cre-
manner. The regulation of motor-cargo binding and func- ated a C-TERM::DsRed2 transgene (392–928::DsRed2)
tion isnotwell understood.Wepropose thatC-TERM::GFP to examine in the integrated PKD-2::GFP background.
blocks endogenous KLP-6 motor-cargo complexes in Behaviorally, C-TERM::DsRed2 transgenic males exhib-
cilia and thereby interferes with motor processivity, ited strong Rsp and Lov defects, as the GFP-tagged
cargo binding or delivery, and, ultimately, ciliary sensory C-TERM counterpart does (data not shown). C-TERM::
transduction. The restricted localization of C-TERM:: DsRed2 also showed strong enrichment in cilia (Figures
GFP in otherwise morphologically normal cilia argues 6D and6H). As predicted, PKD-2::GFPC-TERM::DsRed2
that IFT cilia formation and KLP-6 dendritic transport males showed a dramatic PKD-2::GFP mislocalization
pathways are undisturbed. We propose that the C-ter- that is nearly identical to the phenotype exhibited by
minal tail steers KLP-6 to cilia, where its motor domain the klp-6(sy511) genetic mutant (compare Figures 6B
couplesmicrotubules to C-tail-bound cargo. These data and 6F to Figures 2C and 2F). In tail ray and hook neu-
empirically define the in vivo modular properties of rons, large PKD-2::GFP puncta were scattered along
KLP-6 N-terminal motor and C-terminal cargo domains dendrites and cilia (Figure 6F), as opposed to the wild-
and suggest that full-length KLP-6 may function as a type localization pattern of PKD-2 in cilia only (Figure
regulated composite of its component modules. 6E). In head CEM neurons, PKD-2::GFP localizes to ab-
normally large and irregularly shaped areas around cilia
(Figure 6B). Close inspection reveals PKD-2::GFP inThe Carboxy Terminus of KLP-6 Interferes
CEMcilia, albeit atmuch lower levels (Figure 6B). IL2 andwith PKD-2 Ciliary Localization
RnB cilia always appear intact and brightly fluorescentThe dominant activities of the KLP-6 C-TERMinal fusion
when C-TERM::DsRed2 is expressed (Figures 6C and(392–928::GFP) on response and vulva-location behav-
6D and Figures 6G and 6H, respectively), suggestingiors may potentially block PKD-2::GFP ciliary localiza-
tion. If KLP-6 is required for polycystin localization and that the KLP-6 carboxy terminus does not interfere with
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Figure 5. Subcellular Localization of GFP-Tagged Full-Length, MOTOR, and C-TERMinal Domains of KLP-6
Confocal fluorescent images of cDNA KLP-6::GFP (A–C), C-TERM::GFP (D–F), and MOTOR::GFP (G–I) in male head (A, D, and G) and tail (C,
F, and I). Cilia and axons are indicated by thin arrows and closed arrowheads, respectively. In (C), (F), and (I), the dashed box around the
hook structure indicates HOB cilium.
(A–C) KLP-6::GFP is distributed in a web-like pattern throughout neurons, including cilia. (B) Cilia of IL2 and CEM neurons shown at high
magnification.
(D–F) C-TERM::GFP is highly enriched in cilia of IL2s and CEMs and (F) RnBs and HOB. (D and F) Nuclear localization of C-TERM::GFP is
also observed.
(G–I) MOTOR::GFP is preferentially targeted to cell bodies and axons and is largely missing from cilia. (H) High magnification of IL2 and CEM
cell bodies and axons from (G). Anterior-posterior (a-p) axis is indicated. Open arrows indicate filamentous, cage-like structures around IL2
cell bodies labeled by MOTOR::GFP. The scale bars represent 5 m.
cilia development. PKD-2::GFP localizes properly in an These data show that both the klp-6(sy511) genetic
mutation and heterologous expression of KLP-6 C-TERM-unc-104 mutant (Y.-K. Bae and M.M.B., unpublished
data), indicating that it is unlikely thatUNC-104 functions inal tail result in identical PKD-2::GFP mislocalization
phenotypes and Rsp and Lov behavioral defects. Thisin male-specific cilia or that KLP-6 carboxy-terminus
interferes nonspecifically with the UNC-104 kinesin. additional evidence strengthens our hypothesis that
Figure 6. Dominant-Negative KLP-6 C Terminus Causes PKD-2::GFP Mislocalization Phenotypes Similar to the klp-6(sy511) Mutant
Confocal, fluorescent images showing male head CEM cilia (A–D) and tail RnB neurons and cilia (E–H) expressing PKD-2::GFP only (A and E,
control) or in combination (B and F) with C-TERM::DsRed2 (Red channel; C, D, G, and H). Thin arrows point to cilia. (C) and (G) show merged
image of (B) and (D) and (F) and (H), respectively, and yellow indicates areas of overlap. (B–D) In CEMs, C-TERM::DsRed2 colocalizes with
PKD-2::GFP to abnormally large areas around the ciliary transition zone (thick arrows). In CEM cilia, variable, decreased, or absent PKD-2
expression is observed (thin arrow in [B]) when compared to controls (A). IL2 cilia are consistently normal (* in [D]). (F–H) In RnBs,
C-TERM::DsRed2 causes PKD-2::GFP to form abnormally large aggregates throughout dendrites (arrowheads in [F] and [G]), although
C-TERM::DsRed2 at ray tips (* in [H]) suggests normal cilia morphologies. The scale bars represent 5 m.
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Figure 7. Models for KLP-6 Function
Schematic of generic male B-type sensory neuron with cell body, short axonal segment, and long dendrite terminating in an exposed cilium,
preceded by a transition zone (TZ). Multiple kinesin motors and their IFT particles and/or sensory cargoes interact in TZ to gain access to
cilium. In the cilium, Kinesin-2 and OSM-3 act sequentially to build a conserved ciliary-structural platform [23], whereas KLP-6 tailors a
specialized and unique sensory transduction apparatus. We propose two alternative models for the relationship of KLP-6 to LOV-1 and PKD-2
polycystin function and localization. In model A, KLP-6 is an integral, structural component of the polycystin sensory transduction complex.
In this model, KLP-6 acts to maintain polycystin localization in cilium and control polycystin sensory gating and transduction. In model B,
KLP-6 functions as a ciliary transport motor that delivers LOV-1 and PKD-2 to discrete docking zones.
KLP-6 and the polycystins are functionally and geneti- ment [32] and is expressed in only exposed ciliated
sensory neurons, including amphid, phasmid, and IL2cally coupled in ciliary sensory transduction, and it sug-
gests that the molecular specificity of the C terminus is neurons [43, 44]. Interestingly, osm-3 is not required for
the formation of IL2 cilia [32] in which klp-6 is expressed.critical to their interactions.
In contrast, complex B genes (che-13, osm-1, and
osm-5) are required for the formation of all cilia, includ-Discussion
ing those of the IL2 neurons, suggesting that ciliogen-
esismay require at least two levels of regulation: generalIn summary, we have established that KLP-6 is a kinesin
required formalemating behaviors andpolycystin ciliary and specialized. A general IFT machinery shared by all
ciliated cells may establish the ciliary foundation, andlocalization. Our data strongly suggest that KLP-6 trans-
ports and/ormaintains polycystin complexes in cilia and then cell-type-specific machineries would sculpt the cil-
ium for certain functions. Additional kinesin-dependentare consistent with a motor-cargo association of KLP-6
with LOV-1 and PKD-2. Whether this interaction is direct pathways important for shaping cilia form and function
may contribute to the complexity of cilia. Our findingor indirect remains to be determined. On the basis of
the genetic interactions between klp-6, lov-1, and pkd-2, that klp-6 is required for sensory behavior function but
not general cilia formation indicates that, at least forwe propose that KLP-6 has additional cargo that in-
cludes a negative regulator of an alternative sensory polycystin-dependent cilia, a novel, non-IFTmotor path-
way is required formembrane protein sensory transduc-pathway. This suggests intriguing diversity in sensory
pathways at the level of a single ciliated cell. To account tion pathways (Figure 7).
KLP-6 may act as a motor protein to directly transportfor these observations, we hypothesize that ray RnB
and hookHOBB-type sensory neurons are bimodal; that multiple signaling molecules and membrane receptors
such as LOV-1 and PKD-2 along the microtubule axo-is, that they utilize a polycystin-independent sensory
receptor system along with the polycystin-dependent neme to specific ciliary zones (Figure 7).We hypothesize
that this motility is independent of IFT motors, but IFTsensory system. Other C. elegans sensory neurons dis-
play bimodal functions [38], and the exposed cilia mor- pathways are required for establishing the ciliary frame-
work upon which KLP-6 acts. In this way, IFT motorsphology of B-type neurons hints at an ability to respond
to both chemical and mechanical stimuli. may sequentially build cilia, whereupon novel kinesin
motors may constitute specialized sensory transportMorphologically, cilia can be subdivided into distinct
architectural subzones along the axoneme [23, 31, 39]. pathways. In the absence of IFT motors, some mem-
brane proteins are still targeted to cilia. InChlamydomo-In general, a cilium consists of a transition zone, middle,
and distal segments, which differ in microtubule organi- nas reinhardtii, a kinesin-2/IFT-independent transport
mechanism has been observed for flagellar agglutininszation. Jonathan Scholey and colleagues have performed
exquisite experiments examining the IFT machinery in [45–47], although mechanisms for this ciliary transport
redundancy are not established. It will be interesting toC. elegans with time-lapse microscopy of GFP-tagged
IFT motors and polypeptides in conjunction with ciliary see how ciliary transport pathways correlate to sensory
diversity across cilia subtypes.mutants [23, 40–43]. C. elegans amphid and phasmid
chemosensory cilia contain two anterograde IFTmotors: Additionally, or possibly alternatively to the motor
model, KLP-6 may function as a novel anchor-like pro-the canonical heterotrimeric kinesin-2 and homodimeric
OSM-3 kinesin-2. Surprisingly, these anterograde mo- tein and tether the polycystins and other unidentified
proteins to ciliary microtubules (Figure 7). Mammaliantors act cooperatively and redundantly, with kinesin-2
and OSM-3 building the cilium from the transition zone polycystins function as mechanosensors in primary cilia
of renal epithelial tubules [18], and mechanosensoryto the middle region [23]. At the mid-zone, kinesin-2
turns back and OSM-3 continues, acting alone to build complexes typically interact with microtubule or actin
filaments via cytoskeletal-associated proteins [48]. Forthe distal end of the cilium. In the hermaphrodite, osm-3
is required only for amphid and phasmid cilia develop- example, mechanotransduction channels in vertebrate
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and analysis information is found at WormBase (http://www.hair stereocilia utilize an actin-basedmotor proteinmyo-
wormbase.org).sin-1c for adaptation properties [49]. KLP-6 may play
an analogous function to couple polycystin receptor ac-
Transformation Rescue of klp-6(sy511) Mutantstivity and/or transduction with ciliary microtubule dy-
Cosmids and plasmids (20–100 ng l1) were coinjected with coe-
namics. We have been unable to observe KLP-6::GFP lomocyte::GFP (cc::GFP) [52] into klp-6(sy511);him-5. Stable lines
particle motility in dendrites or cilia (H. Qin, E.M.P., J. were selected by cc::GFP fluorescence. Transformed GFP males
Rosenbaum, and M.M.B., unpublished data), consistent were compared to non-GFP siblings in behavioral tests.
with thismodel. Accordingly, we hypothesize that KLP-6
cDNA Isolation and Allele Sequencingmotility may only bemaintained for very short, undetect-
RT-PCR from him-5 mRNA was used to generate the klp-6 cDNA.able distances, or it may be a static linker. Future efforts
The klp-6(sy511) mutation was identified by sequencing the klp-6will address the biochemical and dynamic nature of the
ORF and splice junctions from genomic DNA amplified via PCR.
KLP-6 interaction with microtubules and cargo. PCR fragments were sequenced.
The PC-1 and PC-2 signaling complex appears to
play an evolutionarily conserved role coupling ciliary Expression Analysis
sensation to intracellular signaling. The degree to which Green fluorescent protein (GFP) [53] was used as a reporter for all
klp-6 constructs. Pklp-6::GFP was constructed by cloning a PCR-upstream and downstream components and regulators
amplified 1.3 kbSphI-SphI fragment of klp-6promoter into pPD95.75of PC signaling networks are conserved between organ-
and 95.77; gKLP-6::GFP by cloning a PCR-amplified 7.1 kb SphI-isms, cells, and sensory cilia subtypes is not known.
SphI fragment of klp-6 (including 1.3 kb promoter) into vectorOwing to the presence of single KLP-6 homologs in
pPD95.75; cKLP-6::GFP by cloning a PCR-amplified 2.7 kb BamH1-
multiple vertebrate genomes, an exciting possibility is BamH1 klp-6 cDNA fragment into BamH1-excised gKLP-6::GFP
that orthologous KLP-6-polycystin genetic and cellular plasmid; C-TERM::GFP by cloning a PCR-amplified 1.6 kb BamH1-
BamH1 klp-6 cDNA fragment (amino acids 392–928) into pklp-interactionsmaybe conserved,whichmay have particu-
6::GFP BamH1 site; and MOTOR::GFP by cloning a PCR-amplifiedlar relevance to the molecular pathogenesis of ADPKD.
1.1 kb BamH1-BamH1 cDNA fragment (amino acids 1–384) intoMutations in PC-1 and PC-2 account for 95% of ADPKD
BamH1-excised gKLP-6::GFP. Sequencing reactions were used tocases, but large variability in disease progression indi-
verify all plasmids. MOTOR and C-TERM::GFP modules were sepa-
cates complex interactions with the environment and rately coinjected with thewild-type pha-1marker (pBX1) [54] into the
genetic modifier loci [50]. On the basis of findings in our pha-1;him-5 strain and grown at restrictive temperatures. Plasmids
were injected at 50–100 ng l1. Male-specific cells were identifiedC. elegans model, we propose that KLP-6 is a critical
by cell position and/or coexpression of Ppkd-2::DsRed2. IL2 neu-modifier of polycystin signaling and that KLP-6 acts at
rons were identified by position and octadecyl (C18) oxacarbocya-a nexus of sensory signaling pathways. Supporting the
nine (DiO; Molecular Probes) uptake.notion of an evolutionary coupling, lov-1, pkd-2, and
klp-6 show nearly identical cell expression patterning
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